The ex vivo and in vivo imaging, and quantitative characterization of the degradation of surgical sutures (∼500 µm diameter) up to ∼1cm depth is demonstrated using a custom dark-field photo-acoustic microscope (PAM). A practical algorithm is developed to accurately measure the suture diameter during the degradation process. The results from tissue simulating phantoms and mice are compared to ex vivo measurements with an optical microscope demonstrating that PAM has a great deal of potential to characterize the degradation process of surgical sutures. The implications of this work for industrial applications are discussed.
Introduction
Surgical sutures are commonly used for soft tissue approximation, i.e. to close deep wounds by suturing different tissue layers that have been compromised before. The suture thread can be made from numerous materials. Modern sutures are synthetic and can be divided into absorbable (naturally biodegradable in the body) or non-absorbable sutures [1] . Absorbable sutures play a crucial role in some specific major surgical procedures. Their primary duty is to support the tissue for a defined period of time during wound healing and to degrade after its functionality is not needed anymore in order to avoid a chronic foreign body reaction towards the implanted material [2] . Since different types of tissues (mucosa, fascia, tendons and others) require a specific time to heal, it is of great importance to have detailed knowledge of the degradation profile of the sutures over time. Key questions include the strength and mass loss of the sutures as well as their relationship to the surrounding tissue physiology, i.e. their biocompatibility and tissue reaction.
In order to gain regulatory approval for a new absorbable suture material, the manufacturer has to demonstrate that the degradation profile is reproducible under in vivo conditions and that the degrading suture does not elicit any harmful tissue reaction. Typically this is done using invasive testing with animals which involves sacrificing the animals at certain time points, harvesting the implantation sites and performing a histopathological examination of the harvested tissue. An imaging technique that is non-invasive and is capable of measuring the suture degradation in vivo by quantifying its diameter over time and the local tissue physiology would be of great value in the development process of new sutures and other absorbable medical devices. The tissue physiology and suture degradation could be studied directly under "living conditions" and not in explanted tissue which has to undergo several conditioning steps before the actual histopathological examination which may change its status. Furthermore, fewer animals would be sacrificed for a non-invasive study.
Absorbable sutures for tissue approximation are manufactured with different standard diameters. In this work we focus on sutures of ∼500 µm diameter (size "USP 1" according to United States Pharmacopeia) which are widely used. When inserted in tissue, they degrade down to 100 µm diameter before they get completely reabsorbed. Therefore, in order to carry out noninvasive, in vivo measurements, a high resolution imaging technique (∼50 µm) with a good penetration depth (∼1 cm) is required.
One of the currently available imaging techniques is micro X-ray computed tomography (Micro-CT). However, sutures and similar implants do not give sufficient contrast in the CT images. Another possibility would be magnetic-resonance imaging systems, however, their standard spatial resolution and contrast may also not reach the specific needs of this task. For both methods, it is possible to improve the measurable contrast by adding contrast enhancing agents to the matrix of these synthetic polymers (polypropylene, polyester) [3, 4] , which makes the use of these techniques quite expensive and relatively complex.
On the other hand, ultrasound based imaging methods appear as a suitable alternative for this imaging task due to their high resolution, portability of the equipment and safety [5] . Although it is possible to visualize sutures inside human bodies with ultrasound-based techniques (UT) [6] , it is not demonstrated that the diameter of the suture is accurately determined. This is because the images from UT techniques tend to have low contrast between the healthy muscles, injured muscles and the sutures. For this reason, contrast shells or dyes are applied on the sutures in order to enhance the contrast of the images [7] . However, this is also non-decisive and the contrast drastically decays in time as the suture degrades, making longitudinal imaging difficult since the coating disappears in first place.
Photoacoustic imaging (PAI) is an emerging alternative imaging method based on the photoacoustic effect which is produced when biological tissue is irradiated with a short light pulse leading to thermo-elastic expansion that induces the emission of an acoustic wave [8] [9] [10] [11] [12] . The distribution of the absorbed light energy deposition can be obtained with ultrasonic (in deep, i.e. ∼1 cm tissues) or optical (in shallow, i.e. ∼1 mm) spatial resolution using appropriate ultrasound detectors and some data processing. Since the local light absorption is due to the presence of absorbers, the results reflect the distribution of the absorbers. In fact, different kind of highly absorbing synthetic threads are commonly used to measure the resolution of the different PAI systems [13, 14] . Here we hypothesize that most medical sutures used in surgery produce different photoacoustic signals than the surrounding medium due to their different absorption properties and, therefore, PAI can be used to image embedded sutures.
Among the different PAI systems, raster scan dark-field photoacustic microscopy [15] [16] [17] [18] can be envisioned as a tool for this task since it is able to image objects deep in tissue (>10 mm depth) with a high axial and lateral resolution (few tenths of microns depending on the properties of the ultrasonic detector and imaged depth). In fact, it has previously been used to detect foreign bodies in tissues [18] . Dark-field PAM and most other raster scan systems, utilize a spherically focused transducer directed toward the subject to be imaged. The tissue is illuminated by a ring of light and the ultrasound detector is placed at the centre of the field (see Fig. 1 ). This illumination scheme leads to a pseudo-confocal condition between the excitation light and the transducer, while avoiding the strong photoacoustic signal that is generated due to the melanin of the skin surface, hence emerging the term "dark-field". The transducer and the illumination system are attached to a scanning head that performs a raster scan on the x-y plane from which several "amplitude mode" lines ("A lines") are obtained in depth direction, i.e. z direction, that allows us to put together several two-dimensional (2D) planes or "brightness mode" lines ("B-lines") yielding a 3D image [16, 17] .
In this paper we have investigated the performance of a custom made photoacoustic system for imaging degradable sutures. Specifically, we have measured its ability to determine the diameter of the sutures while embedded in turbid media by introducing a simple approach which takes advantage of the higher axial resolution. We have validated the approach using numerical simulations, with phantom experiments and ex vivo in mice, against ex vivo measurements by an optical microscope.
Materials and methods

Numerical simulations
We have simulated the photoacustic signal generated from a cylindrical solid mimicking the shape of a medical suture using the software package K-Wave [19] . Each cylinder had a different diameter; 100, 200, 300, 400, 450, 500, 600 and 700 µm. In order to a avoid memory handling issues, the simulations were run in two dimensions, therefore, the generated photoacoustic signals are equivalent to the ones generated by infinite long cylinders.
Each suture was situated in the focal point of a circularly focused detector with a focal distance of 6.7 mm and a numerical aperture of 0.44. The grid spacing of the simulation was set as 4 µm allowing us to simulate ultrasound frequencies up to 258 MHz.
The photoacoustic signal generated from a solid cylinder has been studied by different authors [20] [21] [22] [23] . The simulated results depend on the ultrasound transducer properties in particular its instrument response function. In our case, we have used the manufacturer specified response in the frequency domain with a peak response centred at 20 MHz with a Gaussian bandwidth of 80%. This is applied to generate the simulated acoustic signal. The diameter of the sutures were obtained by computing the time between the first positive peak and the second negative peak (see below) and multiplying by the speed of sound in the suture material taken as 1550 m/s.
In general terms, a 3D simulation with a spherical focused transducer is needed. Here we stick to the 2D simulation for simplicity and efficiency since the results will be shown to be in qualitative agreement with the experiments. This could be addressed in the future.
Laboratory PAM system
The imaging system we have used is based on the one introduced by [17] and further details are available in Aguirre et al [24] . Briefly, a tunable near-infrared Ti:sapphire laser (LT-2211A, LOTIS TII, Minsk, Belarus) pumped by a Q-switched Nd:YAG laser (LS-2137/2, LOTIS TII, Minsk, Belarus) is used to generate the photoacoustic excitation. The laser pulse width is ∼10 ns, and, for our experiments, we have tuned it at 700 nm with a repetition frequency of 10 Hz. The light is delivered through an optical fiber to the PAM scanner head. Photograph of the system is shown in Fig. 2 . To detect the generated photoacoustic waves a 20 MHz spherically focused ultrasonic transducer with ∼2.7 mm depth of focus (V317, Olympus, Essex, UK) was used allowing a lateral resolution of 120 µm and an axial resolution of 50 µm. For our experiments, the scanning head is placed in a water container with a window sealed with an acoustically and optically transparent plastic membrane. In general, absorbable sutures first lose their tensile strength while retaining a large portion of their mass and the actual absorption of the suture mass happens sometime after the suture has lost their functionality in terms of tensile strength. Two basic mechanisms of hydrolytic degradation may apply for an absorbable suture material; surface hydrolysis and bulk hydrolysis. The prevalent mechanisms depend mainly on the water diffusion coefficient and the equilibrium water sorption of the polymer. In the case of Monomax (poly-4-hydroxybutyrate) it was observed during in vivo and in vitro studies that the absorption of the fibre is accompanied by a steady loss of the diameter of the Monomax fiber, which might indicate that the surface hydrolysis mechanism is predominant for this type of suture, though molecular weight analysis of the fiber remnants shows that also bulk hydrolysis is present [25, 26] .
Since the true in vivo degradation of this class of sutures and the absorption of the mass of the Monomax suture of size USP 1 can take more than thirty-six months, we have used an accelerated degradation process. To achieve this, the sutures of the second group were immersed for twelve weeks in an acidic bath of 3 molar hydrochloric acid (3M HCl) at 37 o C and under continuous agitation. The acidic bath accelerates the degradation process (acidic catalysis) of the sutures, which in this case, degrade due to the hydrolytic cleavage of the ester bonds of their polyester base material.
For each imaging session, the sutures were removed from the bath and each group was imaged using PAM while being immersed in a solution of Lipofundina(B.Braun Melsungen AG, Melsungen, Germany) and distilled water that mimics the acoustic impedance and the optical properties of tissue achieving optical values of µ s ≈10 cm −1 and µ a ≈0.0057 cm −1 at 700 nm. The optical properties of the phantom were confirmed by time resolved spectroscopy [27] . For most of the imaging sessions, the sutures were placed three millimeters deep in the phantom unless otherwise stated as shown in Fig. 3 . The PAM imaging session consisted in a single B-scan with a scan step of 50 µm and a total length of 6 mm in the direction perpendicular to the suture (see Fig. 1 ). By doing this, a 2D PAM (x-z plane) image was obtained corresponding to an axial slice of the imaged sutures. After the photoacoustic imaging session, the sutures where imaged in vitro with a conventional optical microscope ("gold standard") using a 10x objective. Great care was taken to assure that the sutures did not dry out before measuring the diameter under the microscope since the thread can become ∼50 µm thinner when dry. The diameter of the sutures was estimated from both techniques and then compared. To obtain the diameter of the sutures from the acquired PAM images, we have measured the peak-to-peak distance (i.e. ∆t·v s where ∆t is the distance in time and v s is the speed of sound in water) from the A-line obtained from the suture when the centre of the suture overlaps the focal point of the transducer. As done with the simulations, the diameter of the sutures was obtained by computing the time between the first positive peak and the second negative peak. As we show in Section 3.2., the peak-to-peak measurement does not provide an absolute value of the diameter of the suture and therefore, a calibration constant, C, must be calculated. This constant is subtracted from all the measured peak-to-peak distances. C is calculated following this expression:
Here D real is the diameter of the suture as measured in vitro using an optical microscope and D PAM is the diameter of the suture as measured from the photoacoustic signal from the peak-to-peak distance. From all the twelve measured sutures, the six non-degraded sutures were selected, and C was calculated as an average. Another set of (data not shown) sutures prepared at a different degradation time point were also measured and it was confirmed that C is applicable.
Quantification of the depth dependence of the results
The measured A-lines from the sutures are modified due to the spherical shape of the transducer when they are situated away from its focal point. Specifically the transducer acts like a low pass filter [28, 29] . Therefore, we had tested the performance of the proposed peak-to-peak measurements as a function of depth, using a single suture that was immersed in the liquid phantom (see Section 2.3.1). The suture was attached to a linear stage which allowed us to place the suture at nine different depths ranging from 2 mm to 9 mm. For each depth a B-scan was performed with a step of 50 µm and a total length of 6 mm in the direction perpendicular to the suture in the same fashion as described in Section 2.3.1. We note that when the suture is imaged below the focal zone of the transducer it appears with a well-known semicircular shape in the 2D images. This effect is more evident the further the suture is away from the focal zone, and is well explained and known in the literature [13] . Various modelling approaches can be utilized to account for these effects which are beyond the scope of this paper [24, 28, 30] . In this case, for each depth position, three A-lines were selected to make the peak-to-peak measurements corresponding to the part of the semicircular shape closer the surface. The diameter was taken as the average of the three peak-to-peak distances.
In vivo mouse experiments
All animal studies were approved by the animal ethics committee of Bellvitge Institute for Biomedical Research (IDIBELL, Barcelona, Spain). Two sutures of 309 µm and 482 µm diameter were inserted into the leg of two different euthanized athymic male mice about one millimetre below the skin. The diameters of the sutures were measured as the full-width-halfmaximum of the profile of the image obtained in the direction perpendicular to the suture with an optical microscope (Figs. 5(c) and 5(d)). For each suture, three different B-scans of length 5 mm and scanning step 100 µm were carried out. The distance between each B-scan in the x-y plane was 1 mm. For each B-scan the diameter of the suture was estimated measuring the peak-to-peak distances in the same manner as was described in Section 2.3.2. Therefore for each suture, its diameter was measured in three different parts of the leg of the corresponding mouse. The height of the transducer was adjusted to leave the suture close to its focal point to ensure that the suture overlaps the focal point of the transducer.
In order to distinguish the suture from the surrounding tissue we did the following: part of the thread was in the water outside the mouse and part was inside the mouse. Several extra B-scans were performed covering areas inside the mouse and outside the mouse. Following the different slices, we could clearly see the continuity of the suture out of the water and inside the mouse.
Results
Simulations
The result for a simulated diameter of the suture of 500 µm is shown in Fig. 4(a) . The diameter of the suture is measured by taking the distance between the two highlighted peaks. We show the relationship between the diameter of the simulated sutures and the values obtained from the peak-to-peak distances for different diameter cylinders in Fig. 4(b) . There is a strong linear relationship between the simulated diameters and the values obtained from the simulated photoacoustic signals (see Fig. 4(b) ). The peak-to-peak distance gives a good relative estimation rather than absolute, therefore, a calibration constant must be introduced in order to retrieve absolute values which is because of a variety of factors that change the location of these peaks. For the rest of this work, the calibration factor is calculated from experimental data, as previously explained. 
Phantom and euthanized mouse experiment
The in vitro optical microscope images obtained from one control suture and one degraded suture are shown in Fig. 5 . As commented before, the diameter of the sutures is measured with the optical microscope. The measured diameter of the sutures presented in Fig. 5 are 482 .04 µm and 309.92 µm respectively.
In Fig. 6(a) , the raw 2D image corresponding to a complete B-scan is shown. The photoacoustic signal obtained from the sutures is quadri-phasic, two maximums and two minimums as shown in Fig. 6(b) . The small discrepancies with the simulated signals (see Fig. 4(a) ) are due to the combination of different effects such as the non-perfect simulated frequency response dependency of the transducer and the non-homogeneous light absorption inside the suture [31] . The method presented here relies on B-scans for measuring the suture diameter. In some experiments (data not shown), different B-scans scans were tested across the length of the suture where less than 4% variation in the measured diameter was observed. PAM system allows for a 2D scan on the sample surface and the diameter can be calculated for each position along the suture, and, even, for multiple overlapping sutures. As shown in Table 1 and Fig. 7 , the measured diameter from the photoacoustic images is in excellent agreement with the diameter obtained from the optical microscope. Fig. 7 . Estimated diameters of all the sutures corresponding to the phantom experiment. The triangles represent the measures obtained from the optical microscope (OM) whereas the circles correspond to the photoacoustic microscope (PAM) measures. The non-degraded sutures are represented in Group 1 whereas the degraded are in Group 2. The suture is assumed to be cylindrical and then, the diameters measured in the axial cross-section (with PAM) or the lateral view (with OM) are equivalent.
Photoacoustic microscopy Optical microscope Diameter, Group 1 488.7 ± 6.3 µm 488.7 ± 5.4 µm Diameter, Group 2 337.9 ± 20.6 µm 338.3 ± 24.4 µm Moreover, by increasing the depth of the suture inside the turbid medium we have quantified the depth dependence of the results. We were able to image the embedded suture down to nine millimetres (9 mm) below the surface of the sealed window in turbid media as shown in Fig.  8 . Quadriphasic signals that are due to the presence of a suture are distinguishable from the background noise and artifacts in all cases. As shown in Fig. 9 , the maximum difference in the estimated diameters was 44.4 µm, demonstrating that our approach is feasible at significant depths. We note that for a transducer with a given sensitivity and given light illumination power, the maximum depth achievable is determined by the tissue optical and acoustical properties. Furthermore, we are able to measure the radius of a suture fiber inside euthanized mice. As shown in Fig. 10 , when imaging the sutures in tissue, several other absorbing objects (e.g. blood vessels) appear in the images, however, the suture can be clearly observed.
The measured diameter from the photoacoustic images are in agreement with diameter obtained from the ex vivo microscope measurement. The results are summarized in Fig. 11 . 
Discussion and conclusions
In this paper we have demonstrated that dark-field PAM is a promising tool for in vivo, noninvasive imaging and quantification of the degradation process of sutures placed deep in tissues. We have introduced a simple algorithm based on the location of specific peaks of the raw photoacoustic signal coming from the threads that takes advantage of the higher axial resolution characteristic of raster scan systems based on spherical transducers. We have validated this approach using realistic numerical simulations which took the transducer instrument response function into account. We are able to measure the diameter of the real sutures before and after degradation in tissue phantoms that mimic the optical properties and acoustic impedance of tissue at depths ranging from 2 mm to almost 10 mm. The algorithm was also able to provide accurate result for sutures inserted in euthanized mice. The measurements were in total agreement with the gold standard, in vitro, measurements with a conventional optical microscope.
The simulation results were qualitatively similar (Fig. 4(a) vs Fig. 6(b) ) to those obtained experimentally. In order to make the simulations, we had to do some additional approximations about the velocity of sound and the density of a suture since this information is not yet available for these specific materials that are prepared under these conditions. The relationship between the density of the suture and velocity of sound in the suture and the relative height and location of the peaks is complex and we have simulated the suture with water-like values (velocity of sound of 1500 m/s and density as 1000 Kg/m 3 ). In general for other structures, the specific velocity and density of the structure has to be known a priori. We expect that if the technique is taken up by the industry, this information could be obtained as part of the development process.
The response function of the ultrasound transducer is one of the main factors that affects both the experiments and simulations. We have carried out a large range of numerical simulations (data not shown) for different response functions and suture acoustic impedances. By calculating a specific calibration constant for every set of parameters, the peak-to-peak algorithm could be successfully applied.
As shown in the mouse image Fig. 10 , the distinctions between the suture and the surrounding absorbers such as the blood vessels might be an issue. A potential solution for this problem is the utilization of the differences in the spectral profile of the sutures and the blood vessels. A multispectral photoacoustic measurement would then allow us to distinguish different components [9] . Multispectral measurements would further enable us to quantify the tissue physiology surrounding the sutures.
Model based reconstruction algorithms are quite suitable for the imaging problem addressed in this work [24, 28, 29] . We have recently shown one such algorithm developed in particular for sutures imaged with PAM that is practical to implement in a personal computer [24] . In order to apply these methods for routine use, several systematic errors due to the modelling approximations should be calibrated.
In Fig. 9 , we demonstrate that the effect on the signal due to the spherical shape of the transducer does not affect the accuracy of the proposed algorithm. On the other hand, the attenuation of ultrasound signal is frequency dependent and the highest frequencies that carry information for high spatial resolution are more attenuated than the smallest frequencies [32] . Therefore, it is expected that the axial resolution of the detector degrades with depth since the higher frequencies will be eventually attenuated [33] . According to previous literature [34] , for one centimeter depth the resolution limit of a photoaocustic system is ∼50 µm which in the range of the needs of the imaging problem addressed here. Further work will evaluate in detail the maximum depth achievable with the proposed method using tissue samples or phantoms that mimic the acoustic attenuation of tissue.
We also note that the PA signal from the sutures is dependent on the properties of the suture, for example, the coating materials and their light absorption properties. For the sutures used in this work, the degradation of the sutures did not lead to a significant worsening of the PA signal because Monomax is not coated, it is monofilament structured. This condition may not hold with other types of sutures with different coating materials and their properties during the degradation process. We also note that this problem holds for any imaging method whether it is the micro-CT or the MRI since the contrast depends on the materials that are used in the manufacturing of the sutures. PAM appears to be particularly interesting since this off-the-shelf product worked so well. Furthermore, one could speculate that once the utility of the technique is proven useful, the sutures can be custom engineered to produce good PA signals without altering their in vivo properties.
In summary, we believe that PAI technologies have a good potential for the medical device industry. Usually within the development and registration process of an absorbable suture material, the study of the in vivo degradation behaviour is done by animal testing. To do this, a group of animals must be euthanized at defined stages of the degradation process to obtain the tissue samples for the histopathologic evaluation. Therefore, a considerable amount of animals are needed to perform a longitudinal study which is not ideal from the point of view of animal welfare and economical aspects. Besides, with PAI, the suture is studied "as it is" in a living environment and does not need to be explanted, which might damage or alter the harvested suture and tissue samples. This work shows that PAM offers the possibility to measure the suture diameter in time with enough resolution and with a good penetration depth in vivo. Future tests in living animals are needed to demonstrate its utility for longitudinal studies on individual animals.
